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Abstract

Soil thermal conductivity is an important factor in the design of energy foundations and other ground heat
exchanger systems. Laboratory tests in a thermal cell are often used to determine the thermal
conductivity of soil specimens. Two interpretation methods have been suggested. Analysis can be based
on the assumption of one-directional heat flow and the thermal conductivity calculated using Fourier's
Law. Alternatively the lumped capacitance method can be employed, using results generated as a
specimen cools. In this study, six samples of London Clay were tested using a thermal cell. A finite element
model of the tests was then used to determine the validity of the assumptions made in analysis. The model
showed substantial heat loss through the sides of the specimens, which would impact significantly on the
calculated thermal conductivity. The conditions required for the lumped capacitance method to be valid
were also found not to be met. Consequently neither analysis method is recommended. A better approach

would be to pursue apparatus with fewer heat losses or transient testing techniques.

Notation
A area (m?)
Bi Biot number (dimensionless)
Cp specific heat capacity (J/kgK)
h heat transfer coefficient (W/m?K)
L length (m)
m mass (kg)
Q heat flux (W)
Q heat flux per unit volume (W/m?3)
T temperature (degrees)
t time (s)
thermal conductivity (W/mK)
p density (kg/m3)
Keywords

thermal conductivity, soil, thermal cell, ground source heat pumps
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Error analysis of the thermal cell for soil thermal conductivity measurement

1 Introduction

Ground source heat pump (GSHP) systems provide a viable alternative to conventional heating and cooling
systems in the move towards more sustainable building solutions (Banks, 2008). Heat is transferred
between the ground and the building by means of a heat transfer fluid, which is pumped through a series
of pipes buried in the ground. To minimise initial construction costs, the pipes may be cast into the
foundations, thereby eliminating the need to make further excavations. These systems are known as
energy or thermal foundations. To design such a system, it is important to model accurately the heat
transfer process between the foundations and the soil. An important input parameter for such analysis is

the soil thermal conductivity.

There are several different laboratory methods for measuring soil thermal conductivity e.g. Mitchell &
Kao (1978), Farouki (1986). All of them fall into one of two categories, based on analysis of steady-state
or transient data. At the laboratory scale, steady-state methods involve applying one-directional heat flow
to a specimen and measuring the power input and temperature difference across it when a steady state
is reached. The thermal conductivity is then calculated directly using Fourier's Law. Transient methods
involve applying heat to the specimen and monitoring temperature changes over time. The transient data
are used to determine the thermal conductivity, usually by application of an analytical solution to the heat
diffusion equation. Some transient methods can also be used to assess other thermal properties such as
thermal diffusivity (Bristow et al, 1994).

A steady-state method that has shown promise is the thermal cell method (Clarke et al, 2008). The main
advantage of this method is that it requires minimal preparation for testing U100 (undisturbed, 100 mm
diameter) samples of soil taken from routine site investigations. In this paper, the theory and experimental
method are described and the limitations discussed. One particular area of concern is heat loss through
the apparatus. This is investigated by modelling the thermal cell using finite element analysis, and

comparing the results with models of an ideal heat lossless thermal cell.

2 Theory

The thermal cell used in this research (Figure 1a, Table 1) is based on a design and specification by Clarke
et al (2008) (Figure 1b). Although other arrangements of thermal cell are used in research, e.g. Alrtimi et
al (2013), the Clarke et al (2008) specification is recommended for laboratory soil thermal conductivity
testing by the Ground Source Heat Pump Association (GSHPA, 2012) and remains in use in practice. In the
Clarke et al (2008) method, the thermal conductivity of a 100 mm diameter 100mm high specimen is
measured by generating one-directional heat flow along the axis. In both cases the heat source is a
cartridge heater embedded in the lower aluminium platen. Provided that the specimen is well insulated
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so that heat losses through the insulation and acrylic base can be neglected, steady heat flow through the

specimen is governed by Fourier's Law:
AT .
Q=-AA— Equation 1

where Q is the power input, A is the cross-sectional area, AT is the temperature difference across the
length of the specimen, and L is the length of the specimen. In applying Equation 1, the power input Q
must be known. If Q cannot be measured directly, measurements of the temperatures in the specimen as
it cools after the power is switched off (the recovery phase) can be used to determine the heat transfer
coefficient between the top of the soil and the air, and hence the power. This approach, proposed by
Clarke et al (2008), uses the lumped capacitance method, which assumes that the temperature difference
across the length of the soil specimen is small compared to the temperature difference between the soil
and the ambient air. The lumped capacitance method should only be used when the Biot number, Bi,
(Equation 2) is small (Incropera et al, 2007):

T -T . .
base o0 — Bj < 0.1 Equation 2
Ttop_Tamb

where subscripts ‘base', ‘top' and ‘amb' refer to the temperature at the base of the soil, top of the soil,
and of the ambient air respectively. The ambient temperature is assumed to be constant. The Biot
number, Bi, is a dimensionless group quantifying the ratio of resistances to heat transfer by conduction

and convection. Where Equation 2 is satisfied, the temperature of the soil at time, t, is (Clarke et al, 2008):
hA .
T =Tgnp + (To — Tamp)exp (— — t) Equation 3
/]

where Ty is the temperature of the soil at time t=0 (when Equation 2 starts to apply), h is the convective
heat transfer coefficient, m is the total mass of soil, and ¢, is the soil specific heat capacity. The specific
heat capacity is estimated from the mass-weighted properties of the soil constituents:

mc, = MmsCps + My, Cpy Equation 4

where subscripts 's' and “w' refer to soil particles and water respectively. Equation 3 gives a theoretical
decay curve which can be fitted to the experimental data by modifying h until the two curves match. At
steady state, conservation of energy requires that the heat flow rate across the soil is equal to the heat

flow rate at the top of the specimen from the soil to the air:

Q = A4 = RA(T 44 — Tom) Equation 5

This is used to calculate the thermal conductivity. It is worth mentioning that this method introduces an
error associated with the estimation of the bulk specific heat capacity from those of the soil constituents
(Equation 4), whose properties may not be accurately known.
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3 Laboratory tests

3.1 Method

For clarity, the thermal cell used in this research will hereafter be referred to as the UoS (University of
Southampton) thermal cell, and the thermal cell from (Clarke et al 2008) as the Clarke thermal cell. Figure
1 shows how they differ. Most notably, the UoS cell has a thicker acrylic base and thicker insulation in an
attempt to minimise unwanted heat losses. The UoS cell uses expanded polystyrene as the insulation as

it has a low thermal conductivity and could be easily wrapped around the soil specimen.

The top platen in the Clarke cell was used to maintain a constant temperature at the top of the specimen
if a constant ambient air temperature could not be maintained. This platen was removed from the UoS
cell as testing was conducted in a temperature controlled room. Instead the top of the specimen was
covered with a sheet of aluminium foil to prevent the soil from drying. To measure the temperature at
the top of the soil, a thermistor was mounted inside the tip of a hypodermic needle and inserted 2mm

into the top of the soil, at the centre of the specimen cross-section (Figure 2).

Clarke et al (2008) monitored the temperature gradient within the specimen by pushing two hypodermic
needle thermistors radially into the specimen at a height of one third and two thirds of the total height.
The UoS cell did not have these additional thermistors, as the soils were too hard for the hypodermic
needles to be inserted. Even if this were not the case, the needles would cause additional disturbance to
the soil and require holes in the insulation for insertion the needles, potentially forming thermal bridges.

Tests were carried out on six samples of London Clay taken from different depths within a ground
investigation borehole at a central London development site. Prior to the thermal cell tests, the thermal
conductivities of the samples were measured with a needle probe (Hukseflux Thermal Sensors2003),
which is a standard transient method. The results from these tests (Low et al, 2015, Low, 2016) were used

in the thermal cell numerical models (see Section 4.2.2).

Two 100 mm long specimens were cut from each sample; hereafter these are referred to as “top half' and
‘bottom half' for each depth. To carry out a test, the cartridge heater was turned on and the power
controlled so that the platen remained at a constant temperature of 40°C. Temperatures were monitored
until a steady state was reached, and maintained for a period of at least 2 hours. The power to the

cartridge heater was then switched off, and the temperature during the recovery period monitored.

In contrast to the examples presented in Clarke et al (2008), in none of twelve London Clay tests were the
temperatures at the top and bottom of the soil similar during recovery. Therefore, the Biot number never
fell below 0.1 and the power could not be calculated using the lumped capacitance method. Instead the
applied power had to be measured directly. The data logger was programmed to record when the
cartridge heater switched on and off. The average power applied during the steady state stage could then

be calculated from the known cartridge heater power of 50 W.
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3.2 Results

A typical test result is shown in Figure 3. Table 2 shows the specimen properties at steady state and the
calculated thermal conductivity. The thermal conductivities for all the specimens are shown in Table 3 and
are within the expected range for London Clay (e.g. Banks et al, 2013).

While the experiments were fairly straightforward and the data simple to interpret, the results were
consistently higher than those determined using the needle probe apparatus (Low et al, 2015, Low, 2016).
This led to concerns about heat losses through the acrylic base and insulation, which are investigated in

the following section.

4 Numerical modelling

Potentially the greatest source of error in the thermal conductivity method is in determining the power
input. The interpretation of the experimental results described above does not take into account any heat
losses that may occur through the base and insulation. Numerical modelling using the finite element
software COMSOL was used to determine the significance of this effect. Three models were constructed
to represent: (a) the UoS cell, (b) the Clarke cell, and (c) an ideal lossless cell. The models were 2D
axisymmetric, and assumed no change in thermal properties of the materials with temperature. The
models were used to determine the heat losses, and to discover why the UoS temperature decay data did
not satisfy the criterion for using the lumped capacitance method, while that given in Clarke et al (2008)

appears to have done so.

4.1 Modelling heat transfer

Heat transfer in a solid is governed by the heat diffusion equation:
oT : .
pep5, — V- (AVT) = Q Equation 6

where p is the mass density, ¢, is the heat capacity, T is temperature, t is time, A is the thermal

conductivity, and Q is the heat flux per unit volume.

The three models were meshed using triangular elements of maximum size 2 mm. Mesh sensitivity using
a heat balance was carried out that showed this degree of discretisation produced >99.7% of the expected
result and was therefore acceptable.

4.2 UoS thermal cell

The model of the UoS thermal cell is shown in Figure 4a. The following sections outline how the properties
of the model were chosen. Steady state and transient simulations were carried out, depending on the
required output. For the steady state analysis, a constant power was specified for a heat source in the
aluminium platen, simulating the cartridge heater. Alternatively, a constant temperature condition at the
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top of the platen could be used. For the transient analysis, a constant heat source would be
unrepresentative of the actual thermal cell, because the power varies initially to maintain a constant
temperature of 40°C. Therefore, the heat source was replaced by a constant temperature condition at the
top of the platen during the heating phase, which was disabled during the recovery phase. Heat losses

and the suitability of the lumped capacitance method were investigated using these transient simulations.

4.2.1 Material properties

Unless stated otherwise, the material properties used in the models were as shown in Table 4. The

ambient temperature and the initial temperature of the thermal cell were the same, 20°C.

4.2.2 Heat transfer coefficient

The external boundary conditions were all assumed to be convective with the heat flux at the boundary
determined by a heat transfer coefficient, h (W/m2K). The heat transfer coefficient between the top and
sides of the UoS thermal cell and the surrounding ambient air had to be determined. To do this, steady
state analyses were run for heat transfer coefficients from 10 to 35 W/m?K, with the temperature at the
top of the platen set to 40°C. The temperature at the top of the specimen during steady state was obtained
from the output. This was compared with the experimentally measured top temperature for the 8.00 -
8.45 m depth top specimen, and the 19.00 - 19.45 m depth top specimen. The soil thermal conductivities
in the models were set to the values measured by the needle probe at the relevant depths, 1.32 W/mK
and 0.96 W/mK respectively. The average heat transfer coefficient was found to be 15 W/m?2K, which was
used in subsequent simulations.

During these simulations, the boundary between the thermal cell base and the laboratory bench on which
it stood was modelled as convective with a heat transfer coefficient of 5 W/m2K. A sensitivity study was
carried out for this parameter, which was varied between 0 and 25 W/m?2K while the heat transfer
coefficient at the other boundaries was set at 15 W/m?K as determined previously. It was found that
varying the base heat transfer coefficient had a negligible effect on the results, perhaps because of the
relatively small surface area of the thermal cell in contact with the bench. Therefore, the initial assumption

of 5 W/m?2K was maintained in subsequent simulations.

4.2.3 Heat losses

The main objective of the numerical simulation was to determine the significance of heat losses in the
thermal cell laboratory tests. This was done using the steady state analysis. In the UoS thermal cell model,
a constant power to the cartridge heater was specified (with the source located at the centre of the platen)
and adjusted until a soil base temperature of 40°C was achieved, and the heat fluxes at the top and bottom
of the soil at steady state were used to calculate an average heat flux through the soil. The thermal
conductivity of soils tends to lie in the range of 0.2 to 5 W/mK (GSHPA, 2012). For this range, the power

loss was calculated as:
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Q- (Qtop+Qbottom)/2

Power loss (%) = x 100 Equation 7

where Q is the total power supplied to the cartridge heater, and subscripts “top' and "bottom' refer to the
heat flux at the top and bottom of the soil specimen respectively. Figure 5 shows that the power loss is
significant, particularly for soils of low thermal conductivity, with power losses of between 35% and 75%.
This makes it difficult to determine what value of power to use in thermal conductivity calculations for
the actual thermal cell. Above 3.5 W/mK it may be possible to estimate the power going through the soil
as 35% less than the power to the cartridge heater. Below 3.5 W/mK the power going through the soil is
much more dependent on the soil thermal conductivity. For any soil, estimating the power going through
the soil as 35% less than the power to the cartridge heater would be an improvement to the thermal

conductivity calculation.

Figure 6a shows the temperatures in the thermal cell as an isothermal contour plot. The boundary heat
fluxes were aggregated to determine where the heat was being lost; the results are shown in Figure 7 for
a soil specimen of conductivity 2.75 W/mk. This indicates that heat is lost through both the insulation and
the base. Although it might be possible to reduce heat loss through the insulation by using better materials
or a vacuum, the base must provide a stable platform to support the other components, while having as
low a thermal conductivity as possible. It would be difficult to find a material that performs better in these
respects than acrylic, so it is unlikely that base heat losses would be further reduced with a similar
specimen arrangement. This problem can be addressed by testing two specimens that sandwich the
heater asin standard guarded hot plate method (BSI, 2001). However, this apparatus requires much larger
specimen sizes and hence is not really suitable for soils. Nonetheless the principle can be adopted for
soils in bespoke apparatus, e.g. Alrtimi et al (2013).

One possible way of reducing the radial heat loss is to reduce the thickness of the specimen. For a range
of thicknesses, the power to the cartridge heater was varied until a base temperature of 40°C was reached.
The thermal conductivity was then calculated using the total power and temperature difference across
the specimen (Figure 8). Errors do reduce for thinner specimens, but even for a thickness of 10 mm, the
calculated thermal conductivity was significantly different from the thermal conductivity specified in
setting up the model. Smaller thicknesses would not be feasible from an experimental point of view.

In experiments by Alrtimi et al (2013), a similar method of calculating the thermal conductivity at different
specimen lengths was applied in practice. They extrapolated from these values to find the thermal
conductivity for a theoretical zero length specimen. This should reduce the influence of radial heat losses
on the calculated thermal conductivity, but considering the value of thermal conductivity at zero thickness
from Figure 8 it is suggested that this approach cannot totally compensate for radial losses and that large

errors may still remain.
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4.2.4 Time-dependent response and recovery curve

The transient model was able to produce a time-dependent simulation of the UoS thermal cell for
comparison with the experimental results (Figure 9). During the heating phase, the power to the cartridge
heater was not constant but was varied to keep the temperature at the base of the soil constant.
Therefore, to obtain a time-dependent result reflecting to the experimental setup, the constant power
condition was replaced with a constant temperature boundary condition of 40°C applied at the base of
the soil during the heating phase. During the recovery phase this constant temperature was disabled and
the temperatures within the soil allowed to find their own equilibrium. All other external boundary

conditions remained unchanged.

For the thermal cell tests on the London Clay samples, the recovery curve could not be used to estimate
the power as the temperature difference across the soil was too large for the lumped capacitance method
to apply. The Biot number during recovery is plotted for both the UoS thermal cell numerical model and
for the laboratory test on the 8.00-8.45 m depth top specimen in Figure 10. The Biot number in the model
was higher than in the laboratory test, and did not gradually decrease. This is because the recovery
temperatures in the model decreased more rapidly than in the laboratory test, which could be due to
imperfect contacts at boundaries in the test, such as between the soil and the insulation, which would
slow the rate of temperature decrease. This effect can also be seen during the heating phase, where the
top temperature rises more rapidly in the model. Alternatively, it may be that the thermal conductivity
and heat transfer coefficient values used in the simulations do not match those in the real experiments.
Despite the difference in shape of the two graphs, the Biot number never fell below 0.1 in either case.
Therefore, the lumped capacitance method is not recommended for calculating the power in a UoS

thermal cell test. The power should instead be measured directly.

4.3 Clarke thermal cell

In Clarke et al (2008) a theoretical decay curve was fitted to the recovery data to determine the power
applied to the soil specimen. The temperature difference through the soil was small during recovery,
allowing the lumped capacitance method to be used. A model of the Clarke cell was made (Figure 4b) to
determine whether this could be the case, and how and why the recovery curve may differ from the UoS
thermal cell. The model dimensions were the same as the Clarke cell (Figure 4), except for the removal of
the top aluminium plate and platen. This was the configuration adopted for a test on saturated fine
Leighton Buzzard sand (Clarke, 2015 pers. comm.), the result of which was given in Clarke et al (2008) and
is used here for comparison. The material properties were assumed to be the same as in the model of the
UosS cell, which were given in Table 4. The ambient temperature in the laboratory was approximately 12°C,
less than that in the Southampton tests. This resulted in a lower specimen top temperature (30.6°C) for a

comparable base temperature (40.8°C) at steady state.

The thermal conductivity of the soil in the model was set to 2.75 W/mK, which was measured by Clarke
et al (2008) in their experiment using the thermal cell on a specimen of Leighton Buzzard sand. Clarke et
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al (2008) assumed a heat transfer coefficient of 25 W/m2K and initially this value was used on all external
boundaries of the model. However, the shape of the resulting temperature-time graph was significantly
different from the experimental data reported in Clarke et al (2008). The heat transfer coefficient and the
thermal conductivity were individually varied until the experimental steady-state temperature of 30.6°C
at the top of the specimen was reached, to see if a closer fit could be achieved. This did not produce a
graph that was similar to the experimental result. However, when both the soil thermal conductivity and
the heat transfer coefficient were varied, a similar graph was achieved (Figure 11). Using this model, a
significant portion of the recovery curve had a Biot number just above 0.1, as in Figure 12. It could be
argued that based on this, it may be inappropriate to use the lumped capacitance method to determine
the power input. Additionally, the model fit was only achieved by using a model thermal conductivity of
1.4 W/mK, compared with an experimental thermal conductivity of 2.75 W/mK. The fitted value of the

heat transfer coefficient was 4.4 W/m?2K.

Compared with the recovery of the UoS thermal cell results, the top and base temperatures of the Clarke
cell converge much more rapidly. This is possibly due to greater heat losses through the insulation and
base, resulting in a more rapid decrease in temperature at the specimen base. The losses at steady state
are shown in Figure 6b. The temperature of the acrylic base has been raised significantly by the power
supplied to the cartridge heater.

The alternative to the lumped capacitance method would be to measure the power directly for use in the
thermal conductivity calculation. However, the heat losses through the insulation and base in Figure 6 are
clearly greater than those for the UoS thermal cell. Hence direct measurement of the heater power would

lead to an incorrect calculation of the thermal conductivity unless losses accounted for specifically.

4.4 Ideal thermal cell

The lumped capacitance method was unsuitable for use with the UoS thermal cell due to the Biot number
never falling below 0.1 during the recovery phase of the test. Numerical simulation of the Clarke thermal
cell showed that the Biot number did approach 0.1 as the temperature in the soil specimen converged
more rapidly during recovery. However, this superficially better fit to the lumped capacitance method is
most likely to be caused by greater heat losses from the Clarke thermal cell compared with the UoS

thermal cell.

To explore the effect of heat losses on the recovery phase of the test further and to examine whether the
lumped capacitance method would ever be applicable, a further numerical model of a perfectly insulated
thermal cell was produced (Figure 4c). At the base was a thin disk (1 mm thickness) with the same
properties of the soil. This is because COMSOL could not model a boundary with a constant temperature
condition that was also perfectly insulating. Therefore, a constant temperature condition was defined at
the top of the disk, and the base was perfectly insulated. The upper surface of the specimen was retained

as a convective boundary condition with an assumed heat transfer coefficient of 25 W/m?2K.
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The model was run for different values of soil thermal conductivity. For each value, a theoretical curve
(see Equation 3) based on the lumped capacitance method was fitted to the numerical model recovery
curve, and then the thermal conductivity was calculated based on the theoretical curve. The results of this
analysis are shown in Figure 13. It can be seen that the higher the thermal conductivity, the more closely
the theoretical curve resembles the model curve. Hence, the thermal conductivity calculated using the
theoretical curve becomes closer to the model value as the thermal conductivity increases, as shown in
Figure 14. Calculation of the minimum Biot number for each simulation shows how this decreases as the
thermal conductivity increases (Figure 14). Furthermore, errors in thermal conductivity determination of
less than 10% are only obtained once the Biot number has fallen below a value of 0.1 which occurs at
approximately 13 W/mK thermal conductivity.

Typically, soil thermal conductivity ranges between 0.2 and 5 W/mK (GSHPA, 2012). Within this range of
soil thermal conductivities, the lumped capacitance method would give a significant underestimate of the
thermal conductivity for an ideal thermal cell, according to the numerical analysis. Interestingly, the
reason why the Biot number remains large is because of the lack of heat losses. The significant difference
in temperature between the base and top of the soil specimen is due to the heat being dissipated much
more rapidly from the top by convection, while the base has insulation on all sides slowing the rate of
temperature decrease. Comparison of the results for the UoS, Clarke and ideal thermal cells shows that
at realistic soil thermal conductivities increasing the heat losses improves the apparent fit of the response
curve to the theoretical solution, albeit with the wrong parameter values. On this basis it might be argued
that for a poorly insulated thermal cell, the power would be better estimated using the lumped
capacitance method, and for a well insulated thermal cell the power should be measured directly.
However, both these approaches have still be shown to lead to appreciable errors in the estimation of the
specimen thermal conductivity. This demonstrates the difficulty of determining the correct power, and

calls into question the validity of the thermal cell method.

5 Conclusions

Laboratory testing using a thermal cell based on the specification of Clarke et al (2008) has shown that
the temperature difference across the soil is too great for the lumped capacitance method to be used
during the recovery phase as a means of calculating the power. The power should instead be measured
directly, for example using the data logger to record when the cartridge heater was switched on and off.

Numerical modelling has shown that the UoS thermal cell has significant heat losses of at least 30% over
the range of typical soil thermal conductivities. This would impact the thermal conductivity calculated
from a laboratory test. Similarly, the numerical model showed a significant temperature difference across
the soil during the recovery phase of the test, confirming that the lumped capacitance method was not

appropriate. A second numerical model simulating the Clarke cell also showed this to be the case.
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Analyses using a numerical model of an ideal (perfectly insulated) thermal cell showed that for the range
of soil thermal conductivities, the lumped capacitance method would give a significant error in the
calculated thermal conductivity. Only for thermal conductivities above 15 W/mK did this error fall below
10%.

This research has shown that neither the UoS nor Clarke thermal cells give accurate results because of the
significant and unavoidable effects of heat losses. The heat losses vary depending on the type of soil, with
the lowest thermal conductivity soils having the highest heat losses, potentially over 50%. Even for quartz
rich higher thermal conductivity soils heat losses will always exceed 30% for the types of thermal cell
examined. The lumped capacitance method is unlikely to be applicable for realistic soil thermal
conductivities since the approach only gives an apparently good fit to the theoretical curve on a cell with
significant heat losses and in such cases the parameter values are then wrong. If the power could be
measured directly, eliminating the need for the lumped capacitance method, and heat losses were
drastically reduced, a more accurate thermal cell could be developed. However, arrangements similar to
those presented in this paper potentially lead to significant errors in thermal conductivity determination.

Hence transient measurement methods are preferable if heat losses cannot be controlled sufficiently.
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Table 1 Dimension of UoS Thermal Cell

Material

Dimensions (cm)

Acrylic base

8.8 (maximum, at centre) x 15

Soil Specimen 10x 10

Insulation

18 (height) x 7 (radial thickness)

Table 2 Example Results for the Thermal Cell Test

Sample Depth (m) 8.00-8.45
Specimen Top half
Diameter (mm) 103

Length (mm) 106

Base temperature (°C) 40.1

Top temperature (°C) 28.4
Power (W) 1.85
Thermal Conductivity (W/mK) 2.01

Table 3 Thermal Cell Thermal Conductivity Results for all London Clay Samples

Sample Depth Thermal Conductivity (W/mK)
(m) Top Half Specimen Bottom Half Specimen
2.00-2.45 1.86 1.72
8.00-8.45 2.01 1.88
10.00-10.45 1.85 1.91
17.00-17.45 1.92 1.88
19.00-19.45 1.65 1.75
21.50-21.95 2.19 1.84
Table 4 Model Material Properties
Soil* Aluminium | Acrylic Insulation?
Thermal conductivity (W/mK) | 2.75 160 0.18 0.03
Specific heat capacity (J/kgK) 1632 900 1470 1130
Density (kg/m3) 2010 2700 1190 23

1. Clarke et al, 2008; 2. Jablite Intelligent Insulation, 2014)




Figure 1 Cross section diagrams of a) the University of Southampton (UoS) thermal cell; and b)
the Clarke thermal cell. In both cases the heat source is a cartridge heater embedded within
the lower aluminium platen.
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Figure 2 The UoS thermal cell showing the entire cell with insulation (left) and the base only
(right)
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Figure 3 Thermal cell results for the top half of the 8.00 — 8.45m depth sample showing the
measured temperatures and the calculated Biot number during recovery.
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Figure 4 Model cross section showing materials and boundary conditions a) UoS thermal cell;
b) Clarke thermal cell; c) idealised (perfectly insulated) cell.
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Figure 5 UoS thermal cell model: power loss for different soil thermal conductivities
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Figure 6 Numerical model results showing isothermal contours at 2°C intervals for soil thermal
conductivity of 2.75 W/mK a) the UoS thermal cell; b) Clarke cell. In both cases the direction of
heat flow is shown by arrows with lengths proportional to the relative heat flux magnitude.
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Figure 7 Heat flow balance for the modelled UoS thermal cell assuming a soil thermal
conductivity of 2.75 W/mK. The total heat is supplied by the cartridge heater at A.
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Figure 8 Calculated soil thermal conductivity for specimens of different thickness, based on the
UoS thermal cell model, with a specified soil thermal conductivity of 2.75 W/mK.
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Figure 9 Comparison of the laboratory and modelled temperature variation with time for the
UoS thermal cell for the 8.00 — 8.45m depth top specimen. Model assumes a soil thermal
conductivity of 1.32 W/mK.
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Figure 10 Comparison of the laboratory and modelled Biot number over time for the UoS
thermal cell for the 8.00 — 8.45m depth top specimen. Model assumes a soil thermal
conductivity of 1.32 W/mK.
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Figure 11 Comparison of the laboratory and modelled temperature variation with time for the
Clarke thermal cell for Leighton Buzzard Sand assuming thermal conductivity of 1.4 W/mK and
h=4.4 W/mZK.
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Figure 12 Modelled Biot number for the Clarke thermal cell for Leighton Buzzard Sand assuming
a soil thermal conductivity of 1.4 W/mK and a top of specimen heat transfer coefficient of 4.4
W/m2K.
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Figure 13 Recovery curves generated by the model idealised thermal cell compared with the
theoretical fit curve for different values of soil thermal conductivity.
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Figure 14 Error in calculated thermal conductivity using the lumped capacitance method,
expressed as a percentage of the specified model thermal conductivity assuming an idealised
(perfectly insulated) thermal cell.

0.5 0.5
=% error in thermal conductivity calculation
z -=Minimum Biot Number >
£ 0.4 04 g
g o
3 Q
5 2
Q 7
o 5
E 0.3 03 2
2
E g
w 0.2 027
= Q
2
< E
(] =]
£ Z
s 0.1 018
= [
wl
0 I T I T 0
0 5 10 15 20 25 30 35

COMSOL thermal conductivity (W/mK)



